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Abstract
Heat treated Ductile Iron with austenitic-ferritic matrix (ADI) has a high potential for the substitution of forged steel and
conventional Ductile Iron. Advantages of ADI compared to steel are good castability and lower density. In comparison to 
conventional Ductile Iron, the increased ratio of tensile strength / ductility with higher resistance against abrasive wear and
durability are of advantage. In the industrial applications, the material sided advantages are counterbalanced by the higher
costs of the demanding machining, especially in rough turning operations. In this presentation, the development of cutting 
inserts for high performance turning operations, which are adapted on the specific requirements of the machining of ADI 900,
are described. In the first step, the particular machinability, which can be traced back to the metallic matrix, was specified. 
The characteristic, discontinuous chip formation in combination with the strong tendency of hardening of the austenitic-
ferritic matrix was identified as a major wear mechanism, resulting in extreme peaks of cutting forces and high specific
mechanical load on the insert edge. For an enhanced evaluation of chip formation and the resultant thermomechanical tool
load, a 3D FEM simulation model was developed. By using this 3D simulation model of the longitudinal external turning 
process, the maximum cutting forces were specified in addition to the influence of the chip segment formation frequency.
The obtained results from the simulation have been used to develop an optimised insert geometry. By using the optimised 
tool, an increased tool life of 70 % could be observed. The shown results are part of the PhD Thesis authors Dissertation 
- und Prozessauslegung zur Drehbearbeitung von austenitisch-
© 2013 The Authors. Published by Elsevier B.V.
Selection and/or peer-review under responsibility of The International Scientific Committee of the 14th CIRP Conference on 
Modeling of Machining Operations" in the person of the Conference Chair Prof. Luca Settineri
Keywords: ADI; machining; turning
1. Introduction
The increasing demand for resource and energy
efficiency requires the application of optimized
light-weight constructional materials. One answer
to fulfill this requirement is ADI, the acronym for 
Austempered Ductile Iron, which is a heat treated
Ductile Iron (DI) with an extraordinary ratio of 
tensile strength to density. Based on the heat
treatment parameters, a high tensile strength
(normed between 800 and 1400 MPa) and ductility
(up to more than 10%) can be reached, meaning
that properties comparable to forged steels like
42CrMo4QT can be reached [1, 2]. Other 
application relevant advantages of this material are
a good damping behavior and a high resistance
against abrasive wear due the formation of a
martensitic rim zone in both application and
machining [3, 4].
The properties can be traced back to the
ausferritic matrix, consisting of acicular ferrite and
austenite stabilized by a high level of graphite [5].
The machinability of ADI, which is much more 
complicated in comparison to conventional cast
iron and steels, can also be traced back to the
metallic matrix [6].
ADI allow constructional improvements of 
existing DI components and the substitution of 
parts made of aluminum and forged steels [7].
Typical application fields for ADI are gearing
applications and power train components [8]. A
wider application of ADI is often hindered by the
demanding machinability of the ADI [9].
From the machinability point of view, a
machining of the cast Ductile Iron component prior 
to the heat treatment would be an appropriate
solution due to the ferritic, ferritic-pearlitic or
pearlitic matrix [9]. By doing so, desired tolerances
and surface qualities are hard to reach due to the
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heat treatment after the machining [10]. In addition,
the complexity of the process chain would increase
and hence the overall production costs would rise. 
Due to the increasing complexity of the process
chain, a rough-machining prior to the heat treatment 
and a finishing operation afterwards is also
expensive, but is often conducted on ADI materials
with an increased tensile strength (Rm > 1200 MPa)
[11]. Due to these economic reasons, a complete
machining after the heat treatment of the near-net-
shape cast ADI component is done. Rough turning
was identified one of the most critical cutting
operations [12]. Hence, this cutting operation is 
optimized by tool adoption using a FEM simulation
model.
2. Production and Machinability of ADI
2.1. Heat treatment
The metallic matrix of Austempered Ductile Iron 
(ADI), which is also known as ausferritic, consists
of acicular ferrite and high carbon containing
austenite. Due to the high carbon content in the
crystal structure, the austenite is able to remain in
its cubic face centered structure and the
transformation into martensite is hindered by the
carbon. 
The ausferritic matrix is produced in a two-step
heat treatment process consisting of austenitizing
and austempering, shown in Figure 1 [13].
Fig. 1. Heat Treatment process [13]
In the first step of the heat treatment process, the
cast component is heated up to a temperature
between 840 and 930 °C (A B) and kept
isothermal (B C). During this time, the ferritic, 
ferritic-pearlitic or pearlitic matrix changes into an
austenitic structure. Due to the capability of 
austenite to contain a high level of carbon up to
2.06%, carbon diffuses from the graphite nodules 
into the cubic face centered structure. After this the
part is cooled down (C D) to a temperature
between 290 and 370°C. In the following
isothermal austempering process (D E), acicular 
shaped ferrite is formed in the austenitic matrix.
Due to the ferrite formation, carbon is set free,
which diffuses in the surrounding austenite,
increasing the carbon content further. Due to the 
high carbon content in the austenite at the end of 
the austempering process, ADI components can be 
cooled down to room temperature (E F) without 
the formation of martensite [13].
Although the overall costs of ADI components 
are increased by the heat treatment, but the difficult 
machining is named as the major cost driver.
2.2. Machinability
Due to the challenging machinability of ADI, 
this material can be added to the group of difficult 
to cut materials [9]. For a closer consideration,
machinability aspects are compared to Ductile Iron
and forged steel (e.g. 42CrMo4QT). The tool wear 
in ADI machining is decisively different from 
machining non heat treated DI with a ferritic or a 
pearlitic matrix, shown in Figure 2 [14].
Fig. 2. Tool wear formation [14]
While in machining of ferritic and pearlitic Ductile 
Iron, tool life is often limited by flank wear, on 
tools which have been used for the machining of 
ADI, a combination of flank and crater wear forms
a filigree cutting edge. This filigree cutting edge
tends to break, which is unacceptable during the
machining. 
In machining ferritic and pearlitic Ductile Iron,
crater wear is located far away from the cutting 
edge and is therefore not of major importance in 
terms of cutting edge stability.
980
870
760
650
540
430
315
205
95
Austenitizing / min Austempering / min
Te
m
pe
ra
tu
re
/
C
0 30 60 90 12
0
15
0
18
0
21
0
24
0
27
0
30
0
33
0
Austenite
Cooled
Pearlite
Ausferrite
Bainite
A
B C
D E
F
0
External longitudinal turning (dry):
f = 0,2 mm; ap = 1 mm; s = -6°; o = 6°; = -6°
Austempered
Ductile
Iron
(ADI 900)
pearlitic
Ductile
Iron
(GJS 700)
ferritic
Ductile
Iron
(GJS 400)
tool
tool
crater wear
tool
fla
nk
 w
ea
r
tool life criterion: rflank wea
tool life criterion: rflank wea
tool life criterion: rcrater and flank wea
tc = 12,6 min
tc = 6,8 min
tc = 18,8 min
vc = 360 m/min
vc = 260 m/min
vc = 140 m/min
131 M.Arft and F.Klocke /  Procedia CIRP  8 ( 2013 )  129 – 134 
The chip formation of both ADI and non heat 
treated Ductile Iron are characterized by
discontinuous or segmented chips [15]. This chip 
formation process takes place with a high frequency
(some kHz), resulting in a strong alternating tool
load of the same frequency [16]. During the cutting
of ADI, the hardening tendency causes huge peaks
in cutting forces. Due to the high frequent 
alternating cutting force peaks and the decreasing
stability of the cutting edge, the risk of tool
breakage was identified as the determining tool life
factor.
2.3. Performance requirements for optimized tools
Tool persistence against the high frequent
alternating cutting forces with extreme peaks is the
major objective for tool development. On the one
hand side, a stable insert micro geometry is needed.
On the other hand side, the hardening tendency of 
ADI prohibits a micro geometry which causes
strong deformations at the cutting edge. Therefore,
a tool geometry need to be developed, where both 
aspects are considered.
3. Experimental Procedure and Modeling
3.1. Objective and process conditions
In rough turning of ADI, only the average
cutting forces Fc and the chip formation frequency
fchip can be measured. The maximum cutting force
peak Fc,peak, which is responsible for tool breakage, 
cannot be measured due to the high chip formation 
frequency. The chip formation frequency fchip (some
kHZ) is decisively higher than the natural 
frequency of the measurement system. Therefore,
cutting force peaks Fc,peak which are measured, are 
not precise. For the evaluation of the maximum
cutting force peaks, a 3D FEM simulation model
was used. For the calibration of the simulation
model, average cutting forces Fc,average and the chip
formation frequency fchip were measured in
empirical cutting operations. For the frequency
measurement, a 3-component acceleration sensor 
(Piezotronics 356A15) was applied and gained
results are compared to the simulated results. The
sensor was mounted with a magnet directly beyond
the tool holder in the direction of the acting cutting
forces.
For the determination of suitable cutting
conditions, empirical machining trials were
conducted. Based on these results, the following 
parameters were fixed for this investigation:
A cutting speed of vc = 160 m/min, a feed of 
f = 0,4 mm and a depth of cut ap = 2 mm was fixed.
The machining tests were conducted on a turning
lathe Gildemeister CTX 510 in dry conditions.
3.2. Simulation and Experimental procedure
Prior to the tool optimization process, a
simulation model was developed for commercially
available conventional inserts (CNMA 120408 and 
CNMG 120408 RP) provided by the company
Kennametal. The carbide inserts were coated with a 
Ti(C,N)/Al2O3 multilayer and the carbide grade was
fixed to ISO HC-K20. Due to the wide usage in
industrial applications, the investigation focuses on
ADI 900.
The investigated longitudinal external turning
process was simulated by using the commercial 
FEA software DEFORM 3DTM which is working 
with a Lagrangian implicit code. In the 3D FEM
model, shown in figure 3, workpiece and tool were
meshed with 100000 elements with a size ratio
between the largest and the smallest element of 40.
The tool was modeled as rigid. The cutting edge 
radius was measured tactile by using a Perthometer
of the company Mahr.
Fig. 3. FEM model of turning ADI 900 [16]
The material law (1) was chosen according to
Klöpper [15].
),,(1 TTKK
n (1)
In the constitutive material law, the flow stress is
calculated by considering strain, strain rate, thermal
softening and viscose damping of the material. The 
parameters are determined in split-Hopkinson tests.
In addition, a factor (2) is added to take the ductile 
softening behavior of the material into account.
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The parameters for the calculation of the flow stress 
 are given Table 1.  
 
Table 1. Parameters for constitutive material law [15] 
K1 K n 
90 2000,6 0,1826 
     
Tm 
0,0292 1800 3 
     
G G TG 
2,7 32000 100 
 
For the modeling of the complex chip formation 
process, a fracture criterion according to Brozzo et. 
al. [15, 17] was used in addition. For the 
simulation, shear friction was assumed and a shear 
coefficient of m = 0.3 was identified, as suitable for 
ADI and an Al2O3 coated carbide [16]. The thermal 
properties were chosen according to Klöpper [15]. 
3.3. Results for standard inserts Simulation and   
Experimental procedure 
The results of the simulation by using the 
conventional cutting tools CNMA 120408 and 
CNMG 120408RP were given in Figure 4 and are 
compared to the corresponding values gained in 
machining tests. In Figure 4(a) the simulated 
cutting force curves were plotted and the maximum 
cutting force peak Fc,peak were given. In Figure 4 (b) 
and (c) the simulated forces and chip formation 
frequencies were compared to the results of the 
machining trials. 
The simulated average cutting forces Fc,simulated and 
the simulated chip formation frequency fchip were in 
good agreement with the empirical results. While 
the differences for passive forces were small, a 
strong deviation for simulated and measured feed 
forces was detected. A major reason for this effect 
was identified in a disproportional strong increase 
of tool wear in the beginning of the cutting 
operation [18]. Furthermore, the results shown in 
Figure 4 indicate, that both forces and chip 
frequency were lower when using a cutting insert 
with a more positive geometry (CNMG) than a flat 
insert geometry (CNMA).  
Due to the fact, that the simulated cutting force 
and the chip formation frequency are in good 
accordance, it can be stated, that the simulated 
cutting force peak Fc,peak is comparable to the 
maximum peak of cutting force which is acting on 
the tool. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Results of the simulation of turning ADI 900 [16] 
 
3.4. Tool optimization using the FEM model 
The FEM model of the external longitudinal 
turning operation of ADI enables to evaluate the 
stresses of the work-piece material in the contact 
zone between the chip bottom side and the tool rake 
face. In the post processor of the simulation 
program, the tool can be faded and hence the 
material deformation can be analyzed. By doing so, 
a maximum tool load was identified close to the 
corner radius of the investigated insert (geometry: 
CNMG 120408). This result could be confirmed by 
analyzing both chips and worn inserts. The huge 
local tool load close to the corner radius was 
identified as starting point for developing an 
optimized cutting insert, Figure 5. 
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Fig. 5. Optimized cutting tool geometry for ADI 900 
 
For a reduction of the local tool load, the geometry 
of the cutting edge was sloped around the corner 
radius, shown in Figure 5, at the picture on the right 
and on the bottom side of the figure. Other angles 
and geometrical values, such as the corner radius of 
r  = 0,8 mm, were kept constant. 
4. Evaluation of the optimized cutting insert 
geometry 
The cutting insert with the optimized geometry 
was analyzed in simulation and also in external 
longitudinal turning tests to determine tool life. 
Experimental turning tests were required due to the 
complexity of the simulation model. The results for 
the simulated chip formation frequency and the 
maximum cutting force peaks are shown in Figure 
6. 
 
Fig. 6. Chip formation frequency and tool life of the optimized 
insert for turning ADI 900 [16] 
 
While the influence of the optimized insert 
geometry on the chip formation frequency can be 
neglected, a reduction of around 100 N for the 
maximum cutting force peaks could be considered. 
 On the one hand side, the reduced cutting force 
peaks by using the optimized insert, leads to a 
reduced risk of tool breakage. On the other hand 
side, tool wear is decreased due to the reduced 
elastic deformation of the cutting tool and the 
resultant relative movement between work-piece 
and deformed insert. Therefore, it was investigated, 
if a reduction in forces occurs, than tool wear is 
reduced and leads to a prolonged tool life. These 
considerations were confirmed in empirical 
longitudinal external turning tests. In dry turning of 
ADI 900, the tool life of the CNMG 120408 RP 
was limited to 9 Minutes. By using the optimized 
cutting insert, tool life could be prolonged to 16 
minutes [16]. This means an increase of tool life by 
~70%. In turning of ADI 900 with an increased 
cutting speed of vc = 240 m/min by using emulsion 
(6%, Fuchs ECOCOOL 2525HP), the tool life 
could be increased further from 7 minutes 
(CNMG120408 RP) to 15.5 minutes for the 
optimized tool geometry. 
 
5. Conclusion and Discussion 
In the presented study the difficult to machine 
material Austempered Ductile Iron (ADI) was 
investigated. First, the relevant machinability 
aspects and the material properties were presented. 
The alternating tool load, especially the peaks of 
the cutting force, have been identified as 
responsible for both tool breakage and increased 
wear due to a relative movement between insert and 
work-piece.  
A 3D-FEM simulation model of the external 
longitudinal turning process was developed to 
investigate the effects of a variation in tool 
geometry on the alternating tool load. By using the 
presented model, an optimized insert geometry with 
an increased tool life was developed, which was 
validated in empirical cutting tests using the 
optimized tool geometry. Tool life was increased by 
70 % in dry turning and by 100% in wet conditions. 
Furthermore, no tool breakage was observed by 
using the optimized tool. 
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